Global cosmic strings are generically predicted in particle physics beyond the Standard Model, e.g., a post-inflationary global U (1) symmetry breaking which may associate with axion-like dark matter. We demonstrate that although subdominant to Goldstone emission, gravitational waves (GWs) radiated from global strings can be observable with current/future GW detectors. The frequency spectrum of such GWs is also shown to be a powerful tool to probe the Hubble expansion rate of the Universe at times prior to the Big Bang nucleosynthesis where the standard cosmology has yet to be tested.
Introduction. The recent discovery of gravitational waves (GW) by the LIGO/Virgo collaboration [1] [2] [3] [4] ushered in a new era of observational astronomy. In addition to facilitating a better understanding of large compact objects in our current Universe such as blackholes and neutron stars, GWs can also provide an unprecedented window to probe early Universe cosmology and new fundamental physics at the sub-atomic level.
Among potential cosmological sources for a stochastic GW background (SGWB) [5] , a cosmic string network is one that can generate strong signals over a wide frequency range due to continuous emission of GWs throughout a long epoch of cosmic history [6, 7] . This source is among the primary targets for SGWB searches at GW experiments such as LIGO and LISA [8, 9] . Cosmic strings are stable one-dimensional objects characterized by a tension µ. They can arise from superstring theory [10, 11] or from a vortex-like solution of field theory [12] which typically descends from a spontaneously broken gauge or global U (1) symmetry. Field theory string tension relates to the symmetry breaking scale η by µ ∝ η 2 while for global strings there is an additional divergence factor ∼ ln(η/H) (H −1 : horizon size) [13, 14] . Once formed, the network consists of horizon-size long strings along with a collection of sub-horizon sized string loops due to long string intersections. The loops subsequently oscillate and radiate energy until they decay away.
Most of the existing studies on GW signals from cosmic strings are for Nambu-Goto strings or gauge strings where GW is the dominant radiation mode. In contrast, GWs from global strings have been largely neglected as it is in general subdominant to Goldstone boson or axion emission (only a few studies exist [15] [16] [17] ). However, since the detection prospect of the Goldstones are highly model-dependent, the GW signal, albeit rare, could be complementary or even a smoking-gun for discovery in the case when the Goldstones/axions have no non-gravitational interaction with the Standard Model (SM) (e.g. in the string axiverse scenario [18] ). It is particularly timely to re-examine this overlooked signal channel, in light of the growing interest in axion-like dark matter models where axion strings are inevitably present for post-inflationary U (1) P Q breaking.
In this Letter, we perform a state-of-the-art calculation for GW frequency spectrum originated from global strings and demonstrate that such GW signals can be observable with current/future GW detectors, such as LISA, DECIGO, BBO and SKA, while consistent with existing constraints. A comparison with gauge string generated GWs is also made. Furthermore, we investigate the effects of background cosmology on this spectrum, e.g. the well-motivated possibilities of early matter domination and kination epochs before the Big Bang nucleosynthesis (BBN), which could lead to signals within reach of LIGO. We thereby demonstrate that, analogous to (yet distinct from) the case with gauge strings [19, 20] , global string induced GW spectrum can be a powerful tool to discern the energy composition of the Universe during the pre-BBN primordial dark age [21, 22] .
GW spectrum from global cosmic strings. Results from the simulations for Abelian-Higgs string or Nambu-Goto string network have demonstrated that after formation the network quickly reaches a scaling regime where it tracks the cosmic background energy density with a constant fraction ∼ Gµ, and GW radiation is the leading energy loss mechanism [6, 7, [23] [24] [25] [26] [81] . In contrast, simulation for global strings is much more challenging due to the need to cover a large hierarchy in the relevant physical scales: the string core size ∼ η −1 and the inter-string separation scale H −1 . Recent years have seen rapid development in global string simulations [27] [28] [29] [30] [31] partly driven by its connection to axion physics, while uncertainties remain to be resolved with future higher resolution simulations, in particular whether there is a logarithmic deviation from scaling [28, 30, 31] . Note that the discrepancy among different simulation results could be due to different numerical algorithms and different diagnostics for counting the strings [31, 32] , in addition to the different ranges of excess tension (N , see Eq. 1) they explored. As in [32] , we take the available simulation results at face value for our studies. To integrate the string network evolution into our studies on GW signal, we adopt the approach in [32] [33] [34] which is based on the analytical velocity-dependent one-scale (VOS) model, with key parameters calibrated with recent numerical simulation results. We focus on oscillating string loops, expected to be the leading sources of both GW and Goldstone emissions [7, 35] . Given the present uncertainties on global string simulation, we will first consider a simple monochromatic loop size distribution at formation time i = αt i . Inspired by the recent gauge string simulations [36, 37] , we consider a benchmark scenario that 10% of the network energy releases to α 0.1 large loops while the remaining goes to kinetic energy of smaller loops that dissipates by redshifts. Later we will also present results for a log uniform distribution up to α ∼ 1 as suggested in [28] based on simulating the first a few e-folds of Hubble expansion after the formation of a global string network. More comprehensive discussion on the sensitivity to loop distribution and the effect of possible deviation from scaling behavior will be presented in [38] .
Global strings are characterized by a time-dependent string tension [7, 13, 14] 
where L H −1 ξ −1 is the string correlation length, ξ is the number of long strings per horizon volume, δ 1/η is the string thickness, and N ≡ ln (L/δ) ln(ηξ −1 t) is time-dependent. Once reaching the scaling regime, the long string energy density evolves as
where ξ(t) quickly approaches a constant for gauge or Nambu-Goto strings, yet needs to be determined for global strings. Based on the evolution equation of string correlation length L, the analytical VOS model predicts relations between time-dependent variables ξ, N,v (average velocity) and parameters such as the loop chopping ratec, momentum parameter k and Goldstone radiation parameter σ (the leading dissipation mode for global strings). Therefore, with a set of ξ, N,v given by the simulation results that cover a finite range of the network evolution history, we will be able to fit for model parameters and infer ξ(t),v(t) for other times. For instance, using recent simulation data [27] [28] [29] [30] [31] [32] we find ξ,v approaching constant values at times deep into radiation domination (RD) era (N 20): ξ ∼ 4.0,v ∼ 0.57 [82] . Our results based on the VOS model suggests that ξ(t) evolves as ξ ∝ 1 − 1/N (N > 1), which can be approximated as linear growth for very small N , but approaches a constant at large N . A persisting linear growth in N , as suggested by extrapolating simulation results based on very early evolution [28, 31] , cannot be reproduced in VOS model, in agreement with [32] .
Applying local energy conservation, the loop formation rate per unit volume at the formation time t i is given by
As said, we will first consider the simple case of F α ∼ 10%, α ∼ 0.1. C eff (t i ) can be predicted based on VOS model solutions and depends on the redshift scaling of the background energy density ρ of universe. For a single dominating source, ρ scales as
where a is cosmic scale factor. For n = 3 (matter domination), 4 (radiation domination), and 6 (kination, to be discussed later), we find C eff 1.32, 2.26, 2.70 at large N , respectively [38] .
Once formed, a loop oscillates and loses energy by the rate [7, 15, 39, 40] 
where the right hand side represents GW and Goldstone radiation in order. Studies show that the dimensionless constants Γ 50 [36, 37, 41, 42] , Γ a 65 [7, 38] . Note that considering the 2πln (L/δ) factor in µ (Eq. 1), GW and Goldstone radiation rates can be comparable at late times for sufficiently large η ( 10 15 GeV). For simplicity we ignore the radiation of heavy radial modes which is suppressed relative to Goldstone emission [28] , and would not noticeably affect the result for GW signal.
Consequently the length of a loop after its formation time t i would evolve as
where κ ≡ Γ a /(2πN ). Now we are ready to move on to calculate the GW radiation spectrum originated from the network. The string loops emit GWs from normal mode oscillations at frequencies f emit 2k/ with k ∈ Z + . The emitted GW frequencies then redshift as
wheret is GW emission time, t 0 is the current time. Summing up contributions from all harmonic modes and using Eqs. 3, 6, the GWs relic density spectrum as observed today is
with Ω (k)
and the decomposed radiation constant as
with the causality and energy conversation conditions
Numerically,
3.60 and k Γ (k) = Γ, t F is the formation time of the string network, and ρ c = 3H 2 0 /8πG is the critical density. Note that to consider radiation of Goldstones, we can define Ω a (f ) in analogy to Eq. 9, and simply replace Γ → Γ a , ΓGµ 2 → Γ a η 2 .
To determine the viable range of η to be considered, we first take into account the self-consistency requirement that the U (1) symmetry breaking occurs or is restored after inflation. In the context of axion cosmology, such a condition is given as [43] η < Max{T GH , T max }, the T GH = H I /2π is the Gibbons-Hawking temperature of de sitter space during inflation [44, 45] , H I is the Hubble rate during inflation, and the T max √ M Pl H I is the maximum thermalizalization temperature after inflation [43, 46] , M Pl is reduced Planck mass. By considering the recent CMB bound on the standard single-field slowroll inflation model [47] [48] [49] , we find the constraint η 1.2 × 10 16 GeV. With these in mind, we will consider η O(10 15 ) GeV in our benchmark examples of GW spectra.
f (Hz) In Fig. 1 , assuming standard cosmic history, we show GW frequency spectrum originated from global cosmic strings with varying η. The gauge string GW spectra [19, 20] are also shown for comparison. One can see that the global string GW amplitudes are more sensitive to η: Ω global GW ∝ η 4 vs. Ω gauge GW ∝ η [38] . Another observation is that, relative to gauge string spectrum, the global string GW spectrum overall shifts to lower frequency, and the magnitude of the shift depends on η. This can be explained by the key relationship between the loop lifetime τ and η by solving Eq.(6):
where gauge string scenario is restored with κ = 0. We can see that due to the strong Goldstone emission rate, global string loops typically decay within one Hubble time after loop formation, i.e., have much shorter lifetime than their gauge string counterpart, and more so for smaller η. Because of this, for loops formed at the same time, radiation (both GWs and Goldstones) from global strings on average experiences a longer period of redshift, rendering a spectrum shifted towards lower frequency. Another notable difference from gauge string spectrum is that, instead of a long nearly flat plateau corresponding to radiation-dominated era, global string spectrum sees a gradually declining plateau towards high f due to the logarithmic time-dependence of µ. In Fig. 2 , a benchmark example of GW frequency spectrum is given (η = 10 15 GeV, α = 0.1) with standard cosmological history. For comparison, we also show the results based on an alternative scenario where sub-horizon loops are formed with logarithmic uniform distribution in the region of (η −1 , H −1 ), as suggested by [28] . We can see that albeit visible differences, the GW spectrum is mostly robust against such an uncertainty/variation in loop distribution. The spectrum based on log uniform distribution extends to slightly lower f due to the formation of larger loops closer to horizon size. We also show the current sensitivity bands of LIGO [1, 2, 50, 51] and the projected sensitivities for LISA [52] , DECIGO/BBO [53] , Einstein Telescope (ET) [54, 55] and Cosmic Explorer (CE) [56] . In the lower f region, European Pulsar Timing Array (EPTA) [57] imposes a strong constraint of η 3.2 × 10 15 GeV, with the expected sensitivity of SKA shown below [58] . The presence of cosmic strings potentially distort CMB power spectrum and leads to additional constraint of η 10 15 GeV [59-61] [83] . Furthermore, the total energy densities of GWs and radiation-like Goldstones are bounded by CMB and BBN as d(lnf )Ω GW,a (f )h 2 3.8 × 10 −6 [62] [63] [64] , leading to the constraint η 10 15 GeV. In general CMB polarization data potentially yields stronger bound on Ω GW in the range f ∼ 10 −17 − 10 −14 Hz [65] [66] [67] . However, GWs from global strings safely evade this bound since the GW signal in this very low frequency range is not populated until after photon decoupling time (more on time-frequency correspondence later), thus is not present at the CMB epoch. In summary, Fig. 2 demonstrates an example that GWs from global strings can lead to signals within reach of foreseeable GW detectors while satisfying existing constraints [84] . Effects of non-standard cosmologies. As can be seen by Eq. 9, relic GW spectrum from cosmic strings is influenced by an extended period of cosmic history and consequently populates signals over a wide range of f . As a result, such a spectrum can be used to test standard cosmology and probe potential deviations prior to the BBN epoch. This idea has been investigated in the context of gauge strings [19, 20, 68] . Here we demonstrate the results for global strings, which are analogous to yet distinct from the gauge string case. Gravitational wave frequency spectrum from a global cosmic string network with α = 0.1, Fα = 0.1 with η = 10 15 GeV (solid lines) and η = 10 14 GeV (dotted lines). The black lines show the GW spectrum with the standard cosmological evolution, while the colored lines correspond to cases with transition to an early period of n = 6 kination or n = 3 matter domination around the given temperature T∆ = 10 GeV or 100 GeV. The related experimental sensitivities are also shown.
We consider two types of well-motivated non-standard histories. The first is a period of early matter domination (n = 3 in Eq. 4) before the onset of the standard RD era. This can be due to a temporary energy dominance by a long-lived massive particle or an oscillating scalar moduli field in a quadratic potential [69] . Such epochs end with reheating when the relevant particles decay away. The second modification to standard cosmology is a period of kination, with n > 4, which can arise from the oscil-lation of scalar field in non-renormalizable potential in quintessence models for dark energy or inflation [70, 71] . In particular, these scenarios have been considered in recent work on axion cosmology [72, 73] . We define the t ∆ (T ∆ ) as the time (radiation temperature) when the Universe transits to standard RD. The evolution of the energy density of the Universe before and after such a transition can then be parametrized as
where ρ st is the energy density assuming standard cosmology, and n = 3 (n = 6) for early matter (kination) domination. In addition, to be consistent with BBN [74] , in both scenarios the transition temperature should satisfy T ∆ 5 MeV. In Fig. 3 we demonstrate the effects of non-standard cosmologies on GW spectrum from global strings, along with experimental sensitivities. Benchmark parameters are: η = 10 15 , 10 14 GeV, and T ∆ = 10, 100 GeV. One can see dramatic deviations from the standard prediction: a distinct falling (rising) at high f spectrum due to the transition to an early matter-dominated (kination) phase. LIGO data already excluded the kination case with T ∆ 20 GeV, η 10 15 GeV. Potential overproduction of GWs and radiation-like Goldstones imposes additional constraint on the kination case. We have checked that other cases shown in Fig. 3 are consistent with these limits. Furthermore, these bounds can be alleviated depending on the onset/duration of kination domination [38] .
As shown in Fig. 3 , the transition to a non-standard cosmology at T ∆ results in a deviation in the GW spectrum at certain frequency f ∆ . This correspondence between characteristic GW frequency and radiation temperature in RD era can be derived rigorously, analogous to the method for the gauge string case [38] , or approximately with Eq. 7 (considering k 1 mode dominance [7, 75] ) based on the observation that the global string loops are short-lived. The analytical estimate agrees with the numerical result:
In Fig. 4 we illustrate the above relation and the comparison with its counterpart for gauge strings [19, 20] . We can see that, unlike in the gauge string case, η-dependence is nearly absent in the f ∆ − T ∆ relation (also as shown in Eq. 14), and with the same f ∆ band, GWs from global strings generally probe higher T ∆ or earlier times. These differences are due to the aforementioned fact that with the same formation time, global string loops on average have much shorter lifetimes and thus the radiated GWs experience more redshift in frequency. As a result, with detectors such as ET/CE GWs from global strings can probe cosmology up to a very early epoch of T ∆ ∼ 10 8 GeV, even well before the reach of gauge strings of T ∆ ∼ 10 4 GeV [19] (for gauge strings, η 10 13 GeV is excluded by EPTA assuming standard cosmology). Meanwhile, as shown in Fig. 4 for global strings the latest possible transition at T ∆ ∼ 5 MeV is within the coverage of SKA/EPTA. (Note that for the signal amplitude to be within sensitivity of a certain detector, η needs to be sufficiently large.) [19, 20] (the lower-right dashed lines) (α = 0.1). The relevant experimental sensitivities are also shown where darker bands correspond to peak sensitivities.
Conclusion/Discussion. Stochastic GW background (SGWB) from a global cosmic string network is a universal signature and potential discovery mode for the underlying theory typically involving a global U (1) symmetry breaking which may associate with axion-like dark matter physics. In this work we compute the frequency spectrum originated from such a GW source based on recent analytical modeling and numerical simulation for global/axion strings. We demonstrate that, despite the apparent dominance of Goldstone radiation over GWs, global string generated SGWB can be within reach of an array of current/planned GW detectors, while compatible with existing constraints. We have also shown how such a GW spectrum depends on the equation of state of the background cosmology, and thereby can be utilized to probe the early Universe far before the BBN epoch which would be unaccessible with other observational means.
The GW spectrum from global strings has dependence on loop distribution at formation time and whether the global string network exhibits logarithmic deviation from scaling behavior at late times as suggested by some of the recent simulations. In this work we have taken into account some of these uncertainties, while more expansive study will be conducted in [38] .
Although this work focused on global strings associated with massless, radiation-like Goldstones (i.e. no explicit breaking of the U (1) symmetry), it may also lead to a new avenue for probing massive axion-like particle (ALP) dark matter models. For axion models with post-inflationary U (1) PQ breaking, axion topological defects including strings and domain walls are indispensable companions to axion dark matter particles. Recently there have been a substantially increased interest in studying axion topological defects [27, 28, 30, 31, [76] [77] [78] . Given that detection strategy for axion particles is highly model-dependent, the universal GW signals from axion topological defects can be highly complementary or even the smoking-gun, in particular for hidden axions without non-gravitational interaction with the SM. Due to the non-zero mass of axions and the related late-time formation of domain walls, the calculation of GW spectrum in ALP models is more complex than the case for pure global strings as we studied here. We will explore this direction in future work [38] , which can be an important complement to the existing literature on ALP models.
